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Ecology and evolution have traditionally been separate fields of study, despite the obvious 
ways in which ecological and evolutionary dynamics are intertwined. An important reason for 
this separation has been the view that ecological and evolutionary processes occur on vastly 
different time-scales, an idea that goes back all the way to Darwin: “We see nothing of these 
slow changes in progress, until the hand of time has marked the long lapse of ages.” (Darwin 
1859). Almost a century later, in his book Growth and Regulation of Animal Populations, Slobodkin 
(1961) referred to the two timescales as “ecological time” and “evolutionary time”; ecological 
time corresponds to a short period of about 10 generations, while evolutionary time refers to 
timespans on the order of half a million years. Because evolution was long considered to be 
too slow to impact ecological dynamics in any meaningful way, any possible interactions 
between the two processes were neglected until recently. However, rapid evolutionary change 
has been found to occur since the 1980s (Endler 1986), and has continued to mount ever since 
(see e.g. Thompson 1998; Carroll et al. 2007; Hendry et al. 2007). As a consequence, interest in 
the ways that ecological and evolutionary processes affect each other has grown; this has been 
referred to as “The newest synthesis” (Schoener 2011). 

 
Ecology and Evolution 

That ecology matters for evolution is immediately intuitively obvious, as it is the ecological 
environment – biotic factors such as temperature or nutrient availability, but also the presence 
and abundance of conspecific or heterospecific competitors, predators, prey, parasites or 
mutualists – to which a species is adapting. A classic example of this is character displacement: 
divergent trait evolution driven by the presence of competitors to reduce resource competition 
(Lack 1947; Brown and Wilson 1956; Schluter et al. 1985; Schluter and McPhail 1992). For 
example, the introduction of the larger competitor Geospiza magnirostris triggered evolution of 
smaller beak size in the native G. fortis on the Galápagos island Daphne Major; G. magnirostris 
was a superior competitor for larger seeds on the island, driving G. fortis to specialize on 
smaller seeds (Grant and Grant 2006). This type of competition-driven evolution has been 
thought to be a driving force in speciation and adaptive radiations, ultimately being a strong 
driving force of diversity (Schluter 1994; Schluter 2000; Rundle and Nosil 2005; Pfennig and 
Pfennig 2010). 

Aside from competition, interactions between trophic levels are a major driving force in 
evolution, including the evolutionary origins of diversification. Plants suffering damage from 
herbivory have evolved a vast array of defensive strategies, sometimes at great cost to their 
growth or reproduction (6-45% in controlled background studies, and 8.7-73% in studies of 
natural populations, Strauss et al. 2002); moreover, there is evidence that an escalating arms 
race between plant defenses and herbivore adaptations has caused the huge diversity in plants 
and insect herbivores (Becerra et al. 2009; Futuyma and Agrawal 2009). As a last example of 
ecological interactions as a driving force for evolutionary diversification, predation has been 
implicated in adaptive radiations: for example, radiations in camouflage in stick insects (Nosil 
and Crespi 2006), morphological defenses in dragonflies (Petrin et al. 2010) and armour in 
sticklebacks (Marchinko 2009). 
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Overall, speciation as a result of divergent selection imposed by the ecological environment 
is extremely well-supported (Dieckmann and Doebeli 1999; Schluter 2001; Rundle and Nosil 
2005); it is abundantly evident that ecological interactions have played an important role in 
driving the origins of diversity. 

 
Evolution and ecology 

While ecology obviously affects evolution, the converse – that evolutionary change affects 
evolution – is true as well. Natural selection and population dynamics are closely linked, as 
both are determined by the births and deaths of individuals (Coulson et al. 2006; Hanski and 
Saccheri 2006; Pelletier et al. 2007; Coulson et al. 2010); assessing fitness is ultimately counting 
offspring transmitting genes to future generations, so population dynamics can be affected by 
natural selection (Kokko and Lopez-Sepulcre 2007; Schoener 2011). Adaptive evolution after 
an environmental change can magnify, offset or even reverse the population decrease caused 
by the change (Abrams 2014). Indeed, the concept of evolutionary rescue depends critically on 
this interplay: a population that has become maladapted due to sudden environmental change 
can be “rescued” from extinction by rapid evolutionary adaptation to the new environment 
(Gomulkiewicz and Holt 1995; Kinnison and Hairston 2007; Bell and Gonzalez 2009). 

When selection acts on a trait involved in ecological interactions with other species, like 
competition or resistance against herbivory, the ecological effects can be even more dramatic, 
and examples of evolution affecting ecological dynamics abound. Genetic variation within 
plant species affects the composition of arthropod and pathogen communities found on 
individual plants (Barbour et al. 2009; Busby et al. 2013); evolutionary change in life-history 
traits in a plant population can cause changes in arthropod abundance and diversity (Johnson 
et al. 2009). Ecological consequences can also reach farther than just one trophic level: for 
example, in the tropical tree genus Inga, which has >300 species and has radiated recently, 
neighbouring trees differ more strongly in antiherbivore defenses than random, suggesting 
divergent evolution in various types of defenses against herbivores allows coexistence of many 
Inga species closely together (Kursar et al. 2009). In another study, the experimental 
manipulation of adaptation (reducing camouflage in stick insects) not only reduces abundance 
of stick insects, but through an increase in bird predation, reduces the abundance and species 
richness of the co-occurring arthropod community, ultimately decreasing herbivory on host 
plants (Hendry et al. 2007; Farkas et al. 2013). Such trophic cascades may be expected in other 
systems where predation is affected by evolution. Another recent example is the effect of 
phenotypic differentiation between landlocked (freshwater) and anadromous (migrating 
between freshwater and marine habitats) alewives: differences between the two types in 
morphology and foraging behaviour strongly affect the zooplankton community, cascading 
down to phytoplankton abundance and composition (Post et al. 2008). 

Effects of evolution can reach even further than direct species interactions: ecosystem 
functioning itself can be impacted. Theoretical study has shown that evolution of plant defense 
against herbivory and co-evolution of plants and herbivores can both impact nutrient 
dynamics, and through this the total productivity of the system (Loeuille et al. 2002; Loeuille 
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and Loreau 2004). Ecosystem effects have been demonstrated in empirical systems as well: the 
effect of prey evolution in response to high or low predation in Trinidadian streams causes 
divergence in ecosystem functioning, affecting primary production, leaf decomposition rates 
and nutrient flux (Palkovacs et al. 2009; Bassar et al. 2010). Speciation through adaptive 
radiation in sticklebacks has been shown to change the ecosystem from one dominated by 
phytoplankton and small zooplankton to one dominated by small zooplankton and small 
invertebrates (Harmon et al. 2009; Seehausen 2009), in turn affecting the composition of 
dissolved material and through this the intensity and colour of light under water. As light 
influences vision and mating preference, changes in light penetration brought about by 
speciation may affect whether further speciation is possible (Seehausen et al. 2008; Seehausen 
2009). This is a prime example of an eco-evolutionary feedback loop, where evolutionary and 
ecological dynamics mutually affect each other. Eco-evolutionary dynamics and feedbacks will 
be the focus of this thesis. 

 
The interplay of ecology and evolution: eco‐evolutionary dynamics 

At the basis of eco-evolutionary dynamics is the idea that ecological and evolutionary processes 
can interact, creating novel outcomes that would not be found if either were neglected. As a 
growing body of evidence suggests rapid evolution is possible, and perhaps even common 
(Thompson 1998; Reznick and Ghalambor 2001; Hairston et al. 2005; Hanski and Saccheri 
2006; Carroll et al. 2007; Ellner et al. 2011), interest in eco-evolutionary dynamics has 
skyrocketed (Pelletier et al. 2009; Post and Palkovacs 2009; Schoener 2011; Strauss 2014). 
However, evolution does not need to be very rapid to cause eco-evolutionary feedbacks. While 
still assuming evolution and ecology operate on different time-scales, adaptive dynamics is one 
tool that has been developed to account for one specific type of eco-evolutionary interaction, 
frequency-dependent selection (see Box 1). 

In a classic experiment, Yoshida et al. (2003) demonstrated the effect of evolution on 
predator-prey dynamics in an algal-rotifer system: algae facing a trade-off between growth and 
grazing resistance underwent rapid evolution depending on predator abundance, with fast-
growing (but vulnerable) genotypes being selected for under low grazing pressure, while high 
predation pressure resulted in selection for grazing-resistant (but slow-growing) genotypes. The 
relative frequencies of the vulnerable and resistant genotypes in turn affected predator 
densities; the resulting predator-prey cycles were different from any single predator-single prey 
model without evolution (Shertzer et al. 2002). This result – that evolution of defense in prey 
can dramatically alter predator-prey dynamics – has been confirmed by other experimental 
studies (Meyer et al. 2006; Duffy and Sivars-Becker 2007; Yoshida et al. 2007; Turcotte et al. 
2011) as well as theoretical work. Models have shown that prey evolution as well as predator-
prey coevolution can either generate population cycles in systems that would otherwise be 
stable, or stabilize systems that would otherwise exhibit cycles (Abrams and Matsuda 1997a; 
Abrams and Matsuda 1997b; Abrams 2000). Prey evolution or predator-prey adaptation (either 
through rapid evolution or phenotypic plasticity) can generate anti-phase and cryptic cycles 
(Jones and Ellner 2007; Mougi and Iwasa 2011; Mougi 2012), and the effect of prey evolution 
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on two-predator food webs can result in chaotic predator-prey dynamics (Ellner and Becks 
2011). 

The ability of evolution to change, stabilize or destabilize predator-prey cycles is one 
example of how eco-evolutionary dynamics shape trophic interactions. This can further affect 
ecological or evolutionary dynamics: for example, Yamamichi et al. (2011), in a theoretical 
study on competition between defended, undefended and a phenotypically plastic prey, found 
that phenotypic plasticity stabilized predator-prey dynamics; in turn, this caused phenotypic 
plasticity to lose its selective advantage over the fixed phenotypes of the specialists, resulting in 
complex eco-evolutionary dynamics. A similar effect is seen in a model of generalist-specialist 
coexistence with generalist switching: the stabilization provided by the switching generalist 
allows specialists to invade, contributing to specialist-generalist coexistence (Abrams 2006). 

Eco-evolutionary dynamics can also affect population abundances in predator-prey 
(Abrams 2012; Abrams 2014), herbivore-plant (Loeuille et al. 2002; Loeuille and Loreau 2004) 
and plant-mutualist-exploiter interactions (Jones et al. 2009), and through this affect species 
extinction or coexistence (Lankau 2011; Northfield and Ives 2013). 

 
decreased prey capture rate
predator population declines
low predation pressure

fast‐growing prey have advantage
prey population becomes less defended

higher prey capture rate
predator population increases
high predation pressure

well‐defended prey have advantage
prey population becomes better defended

 
Figure 1.1 Eco-evolutionary feedback loop in the algae-rotifer system described in Yoshida et al. (2003). 

 
Evolution of stability: eco‐evolutionary dynamics and coexistence 

A major focus of this thesis is on the coexistence of species competing for the same resources. 
While the ecological mechanisms allowing coexistence have a long history of theoretical study, 
the effects of combining these mechanisms with evolutionary dynamics have only come into 
consideration recently as interest in eco-evolutionary dynamics has grown (see e.g. Lankau 
2011). The effect of adding evolution to well-established ecological models for coexistence, it 
turns out, is far from straightforward. 

Abrams (2006b), looking at generalist-specialist coexistence on two resources, found that 
coexistence was more likely when the generalist could adapt to whichever resource was at 
higher abundance. This result directly contradicted a previous model that found that specialist-
generalist coexistence was less likely when evolution was allowed than in a purely ecological 
model (Egas et al. 2004). Adding more confusion, a later study (Abrams 2006a) found that the 
speed of evolution relative to ecological dynamics played a role, and rapid evolution caused 
coexistence to collapse. Similar contradictory results have been found when evolutionary 
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dynamics were included in a variety of ecological scenarios. Studying the coexistence of two 
species facing a growth-competition trade-off on a single fluctuating resource, Kremer & 
Klausmeier (2013) found that evolution widened the range where coexistence was possible; but 
coexistence was facilitated most by slow evolution, while rapid evolution collapsed coexistence 
completely, as it did in the case of specialist-generalist coexistence on fluctuating resources 
(Abrams 2006a). In contrast, a model studying coexistence through niche divergence or niche 
convergence found that the speed of evolution positively impacted coexistence, with most 
extinctions occurring when evolution was slow (terHorst et al. 2010). These contrasting effects 
are the result of the different roles evolution plays in coexistence. In all scenarios, coexistence 
is enabled by niche divergence in resource consumption; but while faster evolution leads to 
faster divergence when resources are static, in fluctuating environments fast evolution allows 
the consumers to track the environment, collapsing coexistence because this strategy 
outcompetes all others. 

Evolution has been found to either promote or impair coexistence in other scenarios. It 
can promote coexistence of competitors for nutritionally complementary resources (Vasseur 
and Fox 2011), or through neighbour-dependent selection, allowing coexistence under 
conditions where ecological processes alone would have led to competitive exclusion (Vasseur 
et al. 2011). On the other hand, Shoresh et al (2008) found that evolution exacerbates the 
paradox of the plankton, dramatically reducing the number of species that are able to coexist 
on a limited number of resources. Other cases in which evolution destroyed stable ecological 
coexistence include the evolution of handling time (Kisdi and Liu 2006) or of life-history traits 
not directly related to competition (Mougi and Nishimura 2006; Mougi and Nishimura 2007). 
In general, how adding evolution to ecological models – or, conversely, adding ecological 
dynamics to evolutionary models (see e.g. Loeuille and Leibold 2008; Zhang and Hui 2011) – 
affects coexistence appears to strongly depend on assumptions about the ecological scenarios 
under study, and the outcome of eco-evolutionary dynamics is not necessarily easy to predict. 

 
This thesis 

In this thesis I develop theoretical models to study eco-evolutionary dynamics in the context of 
trophic interactions; chapters 2 and 3 focus on plant-herbivore interactions, and chapters 4 and 
5 on host-parasitoid interactions. Using the tools of adaptive dynamics and simulations 
(individual-based or similar), my focus is on conditions that allow for evolutionary branching, 
coexistence of different strategies, or both. 

In chapter 2 I study the effect of including competition between plants on herbivore 
evolution. Based on a well-established model for the evolution of generalist and specialist 
herbivores on two plant species, this model can generate more complicated eco-evolutionary 
dynamics as herbivore evolution affects the interactions between the two plant species, as well 
as between plants and herbivores. Using simulations to allow for evolutionary branching and 
extinction of herbivore strategies, I attempt to identify which types of herbivores can evolve 
and coexist under different conditions (trade-off strength and plant growth rate). 
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In chapter 3 I study the evolution of plant defense against herbivory, comparing two 
different types of cost for the plant: direct cost (lower growth rate) and an ecological cost 
(lower competitiveness), a type of cost that is common in nature but has never been studied 
theoretically before. Additionally, I compare the effects of generalist and specialist herbivores 
on plant defense: feedback between plant evolution and herbivore abundance is present only in 
the latter case, making a direct comparison between the absence and presence of an eco-
evolutionary feedback possible. 

In chapters 4 and 5 I use a multiparasitoid-host system to study the conditions allowing 
coexistence of two parasitoid species; these models were inspired by the puzzling coexistence 
of Nasonia vitripennis and N. giraulti in Eastern North America. In chapter 4 I focus solely on 
coexistence, studying the effect of distribution overlap, level of within-host competition 
between larvae, and asymmetric within-host competition. 

In chapter 5 I develop an evolutionary simulation based on the same host-parasitoid 
model. Inspired by the empirical observation that N. giraulti prefers multiparasitizing over 
parasitizing an empty host, I simulate the evolution of host preference (expressed as the clutch 
sizes when parasitizing unparasitized and parasitized hosts), where superparasitizing carries the 
advantage of allowing the female to economize on the production of venom required to kill 
the host (venom production is assumed to be costly and to trade off with fecundity). In this 
chapter, my focus is on the conditions allowing for evolutionary branching into different host 
use strategies. 

In chapter 6 I briefly synthesize the results of this thesis, and show some preliminary 
results indicating interesting future directions. 
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Box 1: Adaptive Dynamics

One way in which ecology and evolution affect each other is through frequency-
dependent selection, where the fitness of an individual is determined not just by its own 
strategy (e.g. the amount of resources allocated to defense against predators), but by the 
strategy of other individuals in the same population as well (Heino et al. 1998). Adaptive 
dynamics is an extension of evolutionary game theory developed to determine the course 
of evolution in traits subject to frequency-dependent selection. It explicitly recognizes the 
interplay between ecological and evolutionary dynamics: the ecological state of the system 
is shaped by individuals’ traits, and in turn determines the selective forces acting on those 
traits. The fitness of an invading mutant (and thereby its ability to successfully invade the 
population) depends on the trait values of the current (“resident”) population, and the 
fitness landscape changes as the trait evolves through repeated invasion and establishment 
of mutants. 

Potential endpoints of evolution are found at the trait values for which the local 
selection gradient disappears; these points are known as evolutionarily singular strategies. 
Whether evolution progresses towards or away from these singular strategies, and what 
happens after a singular strategy is reached, is determined by two properties: evolutionary 
stability and convergence stability. Convergence stability determines whether a singular strategy 
is attracting or repelling, meaning a population starting at different trait values will evolve 
towards or away from the singular strategy, respectively. Evolutionary stability determines 
whether the singular strategy is a fitness maximum or a fitness minimum for the 
population. If it is a fitness maximum, there are no mutant strategies close to the singular 
strategies that have a higher fitness than the resident; the resident strategy is immune to 
evolutionary invasion, and is said to be evolutionarily stable. If it is a fitness minimum, 
however, mutants on either side of the resident strategy can invade; the strategy is 
evolutionarily unstable. 

Of particular interest are those singular strategies that are both convergence stable and 
evolutionarily unstable: this combination of stability properties can lead to evolutionary 
branching (Geritz et al. 1997; Geritz et al. 1998; Geritz et al. 1999; this thesis, chapters 2, 3 
and 5). 


